To study the cell cleavage pattern in experimentally treated Xenopus laevis blastulae, we devised a method to visualize all cell nuclei, whether in interphase or in a mitotic phase, in whole-mount embryos using confocal laser scanning microscopy. Optimal staining conditions were defied for the recently commercialized cyanine nucleic acid stain To-PRO-3, which is excited by a 647-m laser beam and fluoresces in the far red of the spectrum. This is beyond the spectral range of autofluoresame caused by most biomolecules and, in particular, by the high amount of yolk granules in these embryos. The quality of the To-PRO-3 h g e was compared to that after nuclear staining with BOBO-3, another cyanine
Introduction
To obtain three-dimensional information on the cell cleavage pattern in early Xenopus laevis embryos, we had to select a fluorescent nuclear marker emitting in a region of the spectrum at which the background fluorescence level of the specimen is low. Because cells of early Xenopus embryos are filled with large amounts of yolk granules, which display a high level of autofluorescence with wavelengths of 300-600 nm, only fluorophores with emission in the far red region could be considered. Recently, a group of monomeric and dimeric cyanine dyes became commercially available that have a high affinity for nucleic acids and fluorescence spectra covering the entire interval between 450 and 660 nm (1) . Until now, these dyes have been applied mainly for ultrasensitive detection of DNA after gel electrophoresis ( 2 ) , in fluorometric assays ( 3 ) . and in flow cytometry (4,5). With fluorescence videomicroscopy, even individual DNA molecules could be visualized in solution (6) . Of this class of dyes, TO-PRO-3, a membrane-impermeant modification of the dye thiazole orange (7). with excitation and emission maxima of 642 and 661 nm, respectively and with a higher affinity ' dye that fluoresces at slightly shorter wavelengths. In the proposed procedure, special attention is paid to permeabilization of the membranes to the dyes and to bleaching of the natural pigment of the embryos with maximal preservation of cehhr and nudear structures. Because of its emission maximum at 661 nm, To-PRO-3 is a promising nuclear stain for specimens with special background problems and for mul- for DNA than for RNA (I), is the most appropriate one to stain the nuclei of the yolk-rich Xenopus blastula. With this dye, and for comparison with the related compound BOBO-3 (excitation 570 nm, emission 602 nm), we devised a procedure that combines bleaching of the dark brown pigment in the animal half of the wild-type Xenopus embryos and staining of the nuclei for wholemount confocal laser scanning microscopy.
Materials and Methods
Material. Xenopus Imvis embryos were obtained by stripping eggs from females injected with 380 IU human chorionic gonadotropin and performing artificial fertilization according to standard procedures (8).
Fixation and Postfuration. Wild-type Xenopus blastulae, gastrulae, and larvae were fixed in 3.7% formaldehyde in 0.1 M MOPS (3-[N-morpholino]propanesulfonic acid; Sigma, St Louis, MO) buffer with 2 mM EGTA and 1 mM MgS04 at pH 7.4 for 1 hr at room temperature (RT) or overnight at 4°C. and afterwards were transferred to 100% methanol for storage at 4'C for 1 hr to several weeks (9). The MOPS buffer is routinely used in our laboratory to allow in situ hybridization on embryos from the same batch. In a preliminary test, a few blastulae were fixed in Carnoy's fixative, i.e.. 65% ethanol, 30% chloroform. and 10% glacial acetic acid, for 50 min (10).
Bleaching. To bleach the pigment from dark brown to pale yellow, the specimens were immersed in gradually increasing concentrations of H202 while the methanol concentrations were concomitantly decreased. Thus, the embryos were soaked successively for 20 min in 90% methanol and 10% distilled water. in 3% HzOz with 90% methanol. in 6% HzOz with 80% methanol. and for up to 10 days in 9% HzOz with 70% methanol. all at RT. Facultatively. bleaching was accelerated by exposure to strong artificial light (Philips TI. 8W; Eindhoven. The Netherlands) for maximally 10 hr. Alternatively. bleaching could be performed more rapidly by soaking the embryos directly from the 100% methanol in 5% HzOz in phosphate-buffered saline (PBS. in glliter: 8 NaCI, 0.2 KCI, 0.102 MgCIz.6H20. 1.44 NazHP04.2HzO. 0.20 KHzP04, 0.132 CaCIz.2H20. pH 7.4) with 0.1% Tween 20 and placing them overnight under strong artificial light.
Rehydration and Decapsulation. The embryos bleached in alcoholic HzO2 solutions were rinsed for 20 min in 1:1 methano1:PBS and subsequently for 20 min in PBS. Next. from all embryos, the jelly coat and the vitelline membrane were removed with fine tweezers. in PBS. Alternatively. the vitelline membrane was easily removed by soaking the embryos for about 2 min at RT in a solution of 5 mg pronase (Boehringer;. Mannheim. Germany) per 10 ml of 10% modified amphibian Ringer's medium [full-strengrh F'ermeabilization. To enhance the permeability of the cell membranes. the embryos were subsequently immersed in 0.5% Triton X-100 in PBS for 3 or 30 min while being gently shaken.
Staining. After two rinses of 10 min each with PBS and under continuous gentle shaking, the embryos were stained with TO-PRO-3 (Molecular Probes: Eugene OR), diluted with PBS to final dye concentrations ranging from to 5.10" M. or in a 2.104 M BOBO-3 solution (Molecular Probes) for 30 min at RT in the dark. TO-PRO-3 and BOBO-3 had been aliquoted on purchase and stored at -2O'C until use.
Rinsing. Dehydration, and Clearing. After staining. the embryos were rinsed with PBS overnight at 4°C and three times for 20 min at RT in the dark. Subsequently. and still continuously in the dark, they were dehydrated within maximally 2.5 hr in mixturesof increasing methanol concentrations with PBS. ending with two steps of absolute methanol. From 100% methanol. the specimens were immediately transferred to Murray's clearing mixture [benzyl alcohol and benzyl benzoate. 1:2 (11)] and stored in the dark at 4% until examination under a Bio-Rad MRC-600 confocal laser scanning microscope (CLSM). using the 647-nm and 568-nm lines of the krypton-argon laser for X)-PRO-3 and BOBO-3, respectively. in combination with the appropriate filters.
Treatment of Albino Embryos. To find out if the bleaching procedure had any influence on the quality of the staining. albino embryos were similarly fixed, stored in methanol. and either processed further as with the wild-type embryos or directly rehydrated with PBS. dejellied, treated with Triton X-100. stained with TO-PRO-) or BOBO-3, and cleared in Murray's solution as described above.
For some of the albino embryos, the steps meant to permeabilize the membranes with either methanol or Triton X-100. or both. were omitted.
Counting ofcell Nuclei. To count all nuclei in very early embryos (sixth to ninth cleavage), serial optical sections every 15 pm were recorded using the CLSM and the images were stored on disks of a Laser Videodisc Recorder LVR-6000A (Sony; Tokyo, Japan). The images were then displayed sequentially on a monitor with a transparent sheet on the screen and the locations of all nuclei were marked and counted. By playing back and forth. counting the same nucleus twice was avoided.
Results and Discussion
A bright image of interphase nuclei and mitotic figures was obtained ( Figure 1) in Xenopus embryos processed according to our standard procedure, i.e., fixed in the MOPS-buffered formaldehyde solution, stored in methanol for several days, bleached according to any one of the described procedures, treated with Triton X-100 for 3 min. and stained with 5.10" M TO-PRO-3 for 30 min. All nuclei throughout the I-mm-thick specimens could be seen, and reliable counts were possible despite moderate staining of the cytoplasm in cells of the animal half of blastulae and gastrulae, which is probably caused by RNA and the DNA in the large numbers of mitochondria present there. Counts of the total number of nuclei in embryos at the ninth cleavage, performed independently by three observers, deviated only 4% from the average number. This variation was largely caused by divergent interpretations of the sometimes unexpected shapes ( Figure Ib) of the many mitotic figures (doubling of cell number every 20 min at 22°C). A clear signal was also obtained from the germ plasm, present as characteristic bodies along both sides of the boundaries between the most vegetative blastomeres of the embryo at the eighth cleavage ( Figure lb) . As revealed by cytochemical and electron microscopic studies (12,13), these bodies contain huge amounts of mitochondria and ribosomes and therefore high levels of DNA and RNA.
When unstained control blastulae were strongly excited and a maximal signal yield was recorded, a moderate background signal was observed only at the cell borders (Figure 2) . With the CJSM settings normally used for specimen examination, no image at all was obtained.
The image generated by staining with 2.10-6 M BOBO-3 was similar to that of TO-PRO-3 ( Figure 3 ). As expected, excitation with the 568-nm line resulted in a stronger background signal in the blastulae owing to the autofluorescence of the abundant yolk. making BOBO-3 less useful for these early developmental stages. In the larval stages virtually no fluorescence was observed in the yolk-poor cytoplasm.
Next, some critical factors in the preparation procedure which could influence the quality of the image were evaluated by a series of tests. pared to unbleached albino embryos, bleached albinos stained with TO-PRO-3 displayed a brighter contrast of the nuclei against the cytoplasm.
Permeabihzation
The fixative and the DMSO in which the TO-PRO-3 is delivered already permeabilize the cell membranes to the dyes, but the permeability is enhanced to a greater or lesser extent by immersions in methanol and Triton X-100. A clearly stronger signal was obtained when fixation was followed by immersion in methanol for at least 1 hr or preferably longer (Figure 4 ). Furthermore, a 3-min treatment with Triton X-100 after immersion in methanol yielded a slightly clearer signal of the nucleus compared to the cytoplasm.
Fimtio n
The typical image of the nuclei and the clear mitotic figures did not depend on the fixative used. This was established by examination of some preliminary samples fixed in Carnoy's fluid, a fixative with a completely different composition. In our standard fixative solution, the MOPS buffer is not an essential component: fixation in formaldehyde buffered with 50 mM PBS leads to a similar clear signal in the nuclei (K. Schotanus. personal communication).
Bfeuching
The bleaching procedure, with H202 either in PBS or in methanol, did not deteriorate the final image. On the contrary, as com- 
Decapsdatio n
Removal of the vitelline membrane. either mechanically o r enzymatically, clearly enhanced the signal in rhe nuclei.
Staining
T h e intensity of the signal was about equal at all concentrations of TO-PRO-3 tested. A concentration of 5.10" M is preferred because of the apparently better contrast between nuclei and cytoplasm. Staining occurs very quickly, as the whole 1-mm-thick embryo is penetrated within 5 min. Because t h e u n b o u n d dyes do not fluoresce at all. naturally transparent specimens, e.g., larval tissues. can be examined in the C U M after fixation and permeabilizarion within the dye solution.
A disadvantage of TO-PRO-3 is that the signal intensity declines with time. A n accurate analysis of the preparations becomes impossible after about 4-6 weeks submerged in Murray's solution teristics, together with t h e easy staining conditions described, a fruitful application in multicolor fluorescence microscopy can be expected.
